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We have constructed a scanning tunneling potentiometry system capable of simultaneously map-
ping the transport-related electrochemical potential of a biased sample along with its surface to-
pography. Combining a novel sample biasing technique with a continuous current-nulling feedback
scheme pushes the noise performance of the measurement to its fundamental limit - the Johnson
noise of the STM tunnel junction. The resulting 130 nV voltage sensitivity allows us to spatially
resolve local potentials at scales down to 2 nm, while maintaining angstrom scale STM imaging, all
at scan sizes of up to 15 µm. A mm-range two-dimensional coarse positioning stage and the ability
to operate from liquid helium to room temperature with a fast turn-around time greatly expand
the versatility of the instrument. By performing studies of several model systems, we discuss the
implications of various types of surface morphology for potentiometric measurements.
PACS numbers:
I. INTRODUCTION
Scanning tunneling potentiometry (STP) is a tech-
nique for measuring electro-chemical potential differences
over very small distances using a scanning tunneling mi-
croscope (STM). It was first demonstrated by Muralt and
Pohl in 19861, just four years after the invention of the
STM itself. In this measurement, an STM tip is used
as a moving voltage probe to measure the spatially vary-
ing electro-chemical potential generated in response to a
bias applied across the sample. Unlike most atomic-scale
scanning probes, the information provided is not limited
to the local surface, but reveals behavior over the length
scales characteristic of the transport processes governing
the response of the sample. Topographical information is
also obtained, allowing the correlation of transport prop-
erties with structural information. The technique is sim-
ilar to the use of a conducting tip contact AFM to mea-
sure the electro-chemical potential2 but can achieve very
much greater spatial resolution - readily on the nanome-
ter length scale – as we demonstrate in this paper.
Subsequent to the work of Muralt and Pohl, several
groups demonstrated variations and improvements on the
original approach, and in some cases made simple physi-
cal measurements. Perhaps the most successful example
is the work of Briner et al.3 , in which potentials of the
residual resistivity dipoles around individual topograph-
ical features were observed. But to date, the separate
improvements demonstrated in these various works have
not been combined in a practical STP instrument suit-
able for general nanoscale transport measurements, and
certainly not over a temperature range from room tem-
perature down to liquid helium temperatures. Notably,
the system of Muralt and Pohl worked over large areas,
but due to the DC nature of that measurement, and the
majority of others that followed3,4,5,6,7,8,9, the noise and
spatial resolution were orders of magnitude from the fun-
damental limits of STP. By using AC techniques, Pelz
and Koch reached the fundamental noise limits but only
over very small areas10. Moreover, to date no attempts
have been made to deal with problems of contact resis-
tance variation, as they are addressed by common four-
point conventional transport measurements, and only one
group reported extending STP to lower temperatures,
down to 77 K5.
In addition, the early measurements were very difficult
to reliably interpret, due to suspected tip jumping - dis-
continuous change in the tunneling position on the tip
caused by finite tip size on a rough surface5,11. The large
potential jumps, observed by many researchers, have
been typically attributed to random resistor networks in
the presence of high resistance grain boundaries4,7,8,9, or,
in one case, thickness change of the film6, as well as the
tip-jumping artifacts.
In this paper, we present the design and performance
of a practical STP system capable of measurements from
room temperature down to 4 K with high sensitivity and
spatial resolution. We also confirm definitively the exis-
tence of voltage steps due to tip jumping but at the same
time show that they are not a fatal limitation to the ap-
plication of the technique. The instrument we have built
has demonstrated voltage sensitivity limited by Johnson
noise of the tunneling resistance, which, combined with
low thermal drifts, allows spatial resolution of the poten-
tial down to 2 nm at scan ranges up to 15 µm.
This paper is organized as follows. In Section II, we
review how STP works. After that, we describe the phys-
ical components of the system: the scanning tunneling
microscope and cryogenics. In Section III, we present the
electronic instrumentation and the measurement proto-
col used to generate quantitative topographic (STM) and
potentiometric (STP) images. Section IV addresses the
performance of some of the key elements of the system.
In Section V, we present initial measurements that allow
us to document the technical performance of the com-
plete instrument. In Section VI, we discuss data on some
model systems that demonstrate the tip jumping phe-
nomenon and that are of physical interest for their own
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2sake. Finally in Section VII, we briefly describe some
ideas that could help further expand the capabilities of
our system.
II. DESIGN OF THE INSTRUMENT
A. Principles of operation
The basic operation of STP is illustrated schematically
in Figure 1. As in most transport measurements, a cur-
rent bias (AC in our case) along the sample establishes
a spatially dependent AC electro-chemical potential. AC
biasing is used to avoid thermal emfs and 1/f noise. A
scanning tunneling microscope is used alternately to per-
form STM (topography) and STP (potentiometry). The
two modes of operation are complementary in that in
STM the DC tip-sample current is held constant at a
preset value by feeding back on the vertical position of
the voltage biased tip, whereas in STP, the AC compo-
nent of the tip-sample current is kept at zero by feeding
back an offset AC voltage on the entire sample so as to
null the AC voltage across the junction. The AC offset
that needs to be added to the sample in order to force
the tip current to zero is a direct measure of the AC
electrochemical potential under the tip.
Vout=V(x,y)A
V(x,y)
FIG. 1: Principle of operation of STP. Spatially dependent
electrochemical potential is established by an AC current
along the sample. Tip-sample current signal is fed back to the
sample; local sample potential is given by voltage required to
zero the AC tip-sample current.
The fact that in potentiometry there is no voltage drop
across the tunnel junction has profound consequences
for STP noise performance. With the tip-sample volt-
age brought to zero, tunnel resistance fluctuations caused
by tip vibrations of the microscope do not result in any
electronic noise. The fundamental voltage sensitivity
of an STP is thus set by Johnson noise in the junc-
tion resistance and is expected (and found) to be very
much smaller than the sensitivities typically encountered
in other STM-based measurements, such as STS (scan-
ning tunneling spectroscopy). The Johnson noise is 1.3
µV/
√
Hz at room temperature for a typical 100 MΩ junc-
tion resistance; at 4.2 K, using a lower tip resistance
of 1 MΩ , which lies at the low end of values possible
for stable STM operation, it drops to 13 nV/
√
Hz, ap-
proaching the range normally associated with a standard
fixed-contact lock-in measurement. The practical mea-
surement protocol used to switch conveniently and stably
between STM and STP modes of operation are discussed
in detail in Section III B.
B. Scanning Tunneling Microscope
The main component of an STP system is a stan-
dard STM with several additional sample leads12. For
the system described here, a vertically-oriented Pan-type
microscope13 was used. The Pan design was chosen for its
reliable coarse motion, mechanical rigidity, and symmet-
ric construction, which reduces thermal drifts. In this de-
sign, a PZT tube scanner holding the STM tip is mounted
on a polished triangular prism, pressed by means of a leaf
spring against six shear piezo stacks (two on each face of
the prism). Stick-slip translation is achieved by a step-
function actuation of the stacks in a sequential fashion,
followed by a simultaneous return of all stacks to the
original position using a smoother waveform. During in-
dividual stack steps, the prism is held in place by the five
stationary stacks, while the actuated one slides along the
prism’s surface. The prism is then moved relative to the
microscope body (and the sample) during the simultane-
ous step. Our specific STM implementation is shown in
Figure 2.
Scanner mount
Ti body
Shear stacks (6)
Scanner tube
Tip holder/tip
Sapphire prism
Sample holder mount
BeCu leaf springs (3)
Top stack plate
Sapphire disk
XY stacks (6)
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FIG. 2: Design of the STM. Coarse motion in both motors
is achieved by sequential actuation of shear piezo stacks that
are pressed against polished sapphire surfaces by BeCu leaf-
springs. In the Z motor, a sapphire prism holding a standard
STM piezo tube (used for scanning) is translated vertically to-
wards or away from the sample; in the XY motor a sapphire
plate can be coarsely positioned laterally.
To ensure that the STM reaches thermal equilibrium
quickly over a wide range of temperatures, the micro-
3scope body was made of metal. Specifically, we used
titanium due to its good thermal expansion match with
Macor and PZT, the other two materials prominently
used in the construction of the STM head. Additionally,
titanium is non-magnetic, allowing for future use of the
microscope in a magnetic field environment.
To provide wider-area capability than the microscope’s
tube scanner, an XY coarse translation stage, utilizing a
similar design14 was built. While the stick-slip nature of
the motion prevents such a positioner from being used
for scanning, its 3-millimeter range adds versatility by
allowing one to locate and study lithographically defined
structures or interesting areas in a nominally inhomoge-
neous sample. In the former case, however, the sample
surface will need to be conducting at all points and align-
ment marks have to be defined to help find the patterns.
The waveforms required to drive the six shear piezo
stacks of the XY and Z coarse motion stages are gener-
ated by a dedicated mixed digital/analog circuit, ampli-
fied up to ±200V by Apex Microtechnology PA85 high
voltage op-amps. Apex PA88’s were utilized in the X
and Y high voltage amplifiers used for scanning, with a
PA85 chosen to drive the Z piezo for its higher speed.
The ±200V maximum output of the piezo drivers gives
the STM a 15 µm scan range at room temperature, drop-
ping by a factor of five at 4K.
C. Cryogenics
To achieve short turnaround times during cryogenic
operation, the homemade STM described above was
mounted on a commercial flow cryostat, the Desert Cryo-
genics TTP4 Probe Station15. This cryogenic system
consists of a single 9.7 inch I.D. vacuum chamber, with a
temperature controlled 6.85 inch diameter sample stage,
cooled by liquid helium or liquid nitrogen flowing through
a heat exchanger. This stage is surrounded by an 8.4 inch
I.D. radiation shield (seen in Figure 3), with its own ther-
mometer and heater. The relatively large TTP4 system
has sufficient space to permit the use of a spring-based
vibration isolation system for the STM, but as will be
shown later, so far the flowing helium has not caused any
degradation of performance due to vibrations. As seen in
the figure, the STM is simply bolted down to the sample
stage, providing good thermal contact. Coax wiring was
used for sample and STM tube scanner connections, with
twisted pairs for coarse motion wiring, and a triax for the
tunnel current wire. All leads and associated heat sink-
ing were included in the construction of the system by
the manufacturer. The cryostat is mounted on a stand
with compact pneumatic isolators16 for overall vibration
isolation, although these were not floated for the experi-
ments described here. Prior to any cooldown, the system
is pumped down with a turbopump to the 10−5 Torr
range. The pump is then disconnected to avoid vibra-
tions.
FIG. 3: Cryostat and STM photos. a) STM mounted inside
the cryostat; Z motor and its connector plate are seen from
the top. b) Z motor seen from from the tip looking up. c)
XY motor.
III. ELECTRONICS AND CONTROL
A. STP Measurement Scheme
The STP feedback loop used in our instrument was
shown schematically in Figure 1. A more detailed elec-
tronic schematic is shown in Figure 4.
The overall measurement scheme relies on a mix of
low noise analog electronics for sample biasing and signal
sensing, and digital computer-based control to effectively
combine the STM and STP functionalities. PID control
for both the STM’s Z-feedback and the nulling STP feed-
back is provided by a dedicated real-time processor (Na-
tional Instruments PXI 8175RT embedded controller),
running software implemented using LabView RT. All-
digital PID control eases implementation of such critical
features as sample-and-hold, and in the future will en-
able optimization of the speed of the STP feedback loop
by using more advanced algorithms beyond simple PID.
The Z and STP control loops receive their process vari-
ables (tunnel current and lock-in output, respectively)
from the analog inputs, calculate the PID response for
the Z piezo and STP, and then outputs the values us-
ing the analog output channels. The feedback controller,
which can maintain stable control at loop rates of up to
10KHz, continually broadcasts data via an Ethernet con-
nection to the “host” computer, which is a standard PC
desktop. The host computer provides user interface and
executes the complete STP data acquisition algorithm
(also implemented in LabView). To do this, the host
can send PID gains and feedback state parameters to the
real-time computer, and can set STM tunnel bias and XY
scan position by using analog outputs of an on-board NI
PCI6733 card.
To eliminate effects of lead and contact resistance vari-
ations, we bias the sample in a manner designed to
achieve a configuration functionally equivalent to a com-
mon 4-point measurement geometry. The gradient across
the film is provided by a battery powered floating AC
4Real Time 
Computer
Host PC
Sample
Manual 
Offset
Tunnel 
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Sample 
Gradient
STP PID
Z PID
Lock-In
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Sample Bias Electronics
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FIG. 4: STP measurement system diagram. STM and STP
feedback loops are implemented digitally on a dedicated pro-
cessor. STP feedback loop is demodulated by using a lock-in
amplifier. The gradient across the sample is established by a
floating AC current source, while the current-nulling feedback
signal, a manual AC offset (used to reduce the dynamic range
required of the STP feedback loop), and the DC bias needed
for STM feedback are added at a separate contact to set the
voltage of the sample with respect to ground. With the local
sample voltage being effectively measured by the STM tip, the
configuration is equivalent to the common 4-point geometry,
eliminating effects of contact resistance.
current source while a third contact allows the sample
potential to be shifted with respect to ground by a com-
bination of the three signals - the DC tunnel bias, the
manual AC offset, and the STP zeroing feedback signal.
The fourth “contact” is the STM tunnel junction. With
the tip current zeroed by STP feedback, no current can
flow through the voltage contact, causing the voltage un-
der the tip to be independent of any contact resistance.
Tip current is detected using a Keithley 427 current am-
plifier (set to the 109 gain), which is connected, in turn,
to an SRS850 lock-in amplifier, with the sample gradient
signal as its reference. The amplitude of the tunnel cur-
rent at the current bias frequency and phase is used as
the process variable for the STP PID feedback loop, the
set point of which is zero volts.
The outputs of the current amplifier and the lock-in
are continuously sampled by the analog inputs of a Na-
tional Instruments PXI 6030E DAQ board installed on
the real-time computer’s chassis, and are passed on to
the topography and STP PID subroutines, respectively.
The topography PID output, recorded as Z information,
is connected to the Z-piezo of the STM through the high-
voltage amplifier. The output of the STP PID is multi-
plied (using an analog multiplier) by a fixed amplitude
reference AC signal (at the same frequency and phase as
the bias current), and added to the sample at the volt-
age terminal to complete the AC potentiometric feedback
loop. STP information is then directly given by the out-
put of the STP PID, once the control loop has stabilized.
The demodulated feedback scheme greatly improves sta-
bility, by permitting the STP feedback loop to operate
at a low frequency while controlling higher frequency sig-
nals. A simpler, high bandwidth feedback scheme was
also implemented, in which PID uses the tunnel current
itself as a process variable, and a lock-in placed outside of
the loop is used to obtain STP data. However, the result-
ing high gain-bandwidth product loop proved difficult to
stabilize.
The two other signals that are added to the sample at
the voltage contact are not a part of the STP feedback
loop. The DC tunnel bias provides the tunnel current
for normal STM operation; it is set to zero during ac-
quisition of STP data to reduce vibration-induced noise.
Also, a manual offset can be used to bring the AC volt-
age under the tip close to zero by hand, using analog
electronics only. This is desirable to reduce the dynamic
range required of the STP feedback circuit. The offset-
ting voltage is generated simply by using a potentiometer
to attenuate the inverted reference AC signal. Manual ze-
roing is performed only once, at the beginning of a scan,
the remainder of which is performed entirely by the host
computer.
B. Measurement protocol
Images are taken by scanning the tip in a raster pat-
tern, obtaining topographic and potentiometric informa-
tion at each pixel. The sequence of events and the as-
sociated signals involved in acquiring a single pixel of Z
and STP data are demonstrated in Figure 5, which shows
actual time traces of tunnel current, Z-piezo extension,
lock-in output, and STP PID output. At time index 1
(see bottom of figure), the microscope initiates a lateral
step: the Z feedback loop is closed, keeping the tunnel
current at its set point, while the STP feedback loop
is open, holding its previous value, to avoid subjecting
the loop to the obviously noisy process variable. At the
completion of the step (index 2), the Z-feedback loop is
opened, holding Z constant, and the DC tunnel bias is
set to zero, bringing the DC tunnel current to zero as
well. The lock-in noise also drops significantly, as the
noise caused by vibrations at the gradient frequency is
eliminated once all tip-sample voltages are zeroed. After
a short wait for the transients to decay, the STP feedback
loop is closed (index 3).
Ideally, the system would be kept in this state (STP
51 nA
0 nA
5Å
0
Time
3 
µV
Tunnel
Current
Z Piezo
Extension
STP
Output
200µVLock-in
Output
(ref. to
sample)
FIG. 5: STP measurement protocol. Relevant signals shown
as a function of time to demonstrate sequence of events. The
detailed sequence indicated on the bottom is described in de-
tail in the text; briefly, the events are: 1 - move XY, 2 - open
Z loop, 3 - close STP loop, 4 - open STP loop, close Z loop,
test convergence and reject attempt, 5 - accept point. Signal
range shown is representative, and depends highly on scan
parameters.
loop closed, Z loop holding) until the lock-in output in
the potentiometry loop converges to zero; however, this
step is typically limited to a couple of seconds to avoid
piezo-creep-induced tip crashes while the Z feedback is
off. Since the loop time constant is typically set to one
second, the feedback may (and often does) fail to con-
verge in a single attempt. The STP feedback loop is then
opened (index 4), the tunnel bias is restored to a finite
value, the Z feedback loop is closed, and the junction is
allowed to stabilize.
STP loop convergence is then evaluated by checking
whether both the process variable (lock-in output) error
and control parameter (STP output) variation over the
loop-closed interval lie within a specified range. In the
figure shown, the parameters were set to always reject the
first attemp at a new location, so steps 2-4 are repeated
twice more. On second attempt, the loop is deemed to
have not yet converged (change in STP from beginning
to end of the attempt exceeding threshold). At index 5
(third attrempt), the STP/Z data is accepted, and the tip
is moved to a new location to start on the next pixel. In
practice, convergence criteria are picked so that a point is
typically accepted in fewer than five attempts. If the loop
does not converge after a pre-set number of attempts,
the STP point is skipped and only topographical data is
recorded.
STP points may be skipped for another reason - if a suf-
ficiently stable tunnel junction cannot be maintained dur-
ing STP acquisition at any given location. This is done
to prevent the STP loop from deviating far from the true
STP value, since the higher gain and wider bandwidth
associated with a low junction resistance can destabilize
the system, especially if the tip-sample voltage is not yet
zeroed. Although the junction resistance cannot be mon-
itored during STP acquisition since the DC tunnel bias is
off, it can be checked immediately after. When the DC
tunnel bias is restored to its finite value after opening
the STP feedback loop, but before the Z feedback loop
is re-established (just before step 4), the junction is eval-
uated by comparing the tunnel current to the set point.
If the junction resistance has drifted too far (typically
by more than factor of two) during the Z-feedback hold,
the attempt is “forgotten” by restoring the STP output
to its pre-attempt value. If a stable junction cannot be
attained after a fixed number of attempts, the pixel is
skipped as in the failed convergence case.
With a measurement time constant of one second, five
attempts per point, and some overhead time spent sta-
bilizing the junction and switching voltages, a 100x100
pixel STP image takes about 24 hours. This places sig-
nificant demands on long-term thermo-mechanical sta-
bility of the STM head and thermo-electrical stability of
STP electronics, and increases motivation for optimiz-
ing the feedback system for faster convergence time. In
the future, the considerable flexibility of the real-time
computer feedback system along with the detailed char-
acterization of the transfer characteristics of the other
components presented below could and should be used
to optimize the system globally and reduce the overall
scan time.
C. Sample biasing electronics
Let us now turn to the sample biasing electronics. Be-
sides the need for low thermal drifts and low-noise perfor-
mance, another requirement is good phase alignment be-
tween the signals that cancel each other during the STP
measurement. These include the sample bias current,
the manual offset and the STP feedback signal. While
lock-in detection allows only the in-phase signals to be
used for potentiometry, it is still important to minimize
any quadrature signals that might interfere with normal
STM operation. Additionally, poor phase alignment of
the large canceling signals would make the system more
susceptible to noise caused by possible phase fluctuations
introduced by cable microphonics.
The diagram of the analog circuit used to bias the sam-
ple is shown in Figure 6. As noted above the AC bias
across the sample is established by a completely floating
current source, while a voltage with respect to a defined
ground is set at a third contact. The circuit is thus com-
posed of two separate parts: the current source, powered
by two rechargeable 12V batteries, and the voltage set-
ting section, powered by a standard power supply con-
nected to a proper ground. The circuit chassis, cryostat
and the virtual ground of the current amplifier all share
the same ground, making it the single common reference
for the measurement.
6The current is supplied by a single op-amp voltage
controlled current source for a floating load17, with an
LM6321 driver, powered by the same battery, used to
boost (to 200 mA) the maximum current output to en-
able biasing of low-resistance samples. Since a floating
current source is susceptible to oscillations, a feedback
RC roll-off network is needed to stabilize it. A trans-
former is used to couple a 237 Hz signal from the lock-in
reference output to the floating part of the circuit. A sec-
ond LM6321, in the non-floating section of the circuit, is
used to drive the transformer primary. A current setting
resistor is picked to maximize sample gradient, limited
by the driver compliance or sample heating. Since the
current is determined by this single resistor, very stable
Vishay S102C series foil resistors with a low temperature
coefficient of 2ppm/◦C are used.
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ref
4600
50
800
100K
11K
5K
ACin
ST
P
in
V
tD
C
in
Floating current source: 
Iout=Vtransformer/Rs
Jensen 
JT-16B
xformer
Current out 
(to sample)
IA4
A1
A2
Multiplier
2K
 p
ot
B2
V
ss V
dd
11
.5
K
100nF
R
s
V
dd V
ss
INA134
ref
Voltage out
(to sample)
IA1
AD622
IA3
ref
AD622
IA2
ref AD711
1K
AD711
INA2134
ref 300
AD711
B3
AD711
B1Manual 
offset
LM6321
75
AD743
2.5K
AD743 LM6321
FIG. 6: Sample biasing electronics diagram. A single, con-
stant AC reference ACin drives all AC signals connected to
the sample: sample current bias (generated by the floating
voltage-controlled current source), tip-current-nulling feed-
back voltage (generated by the STP feedback signal multi-
plying the reference), and the manual offset (generated by
voltage-dividing the reference signal).
In the non-floating part of the circuit, an instrumenta-
tion amplifier (IA1) adds the voltage setting signals to-
gether. Other instrumentation amplifiers (IA2-IA4) are
used at the input stages for the STP PID and DC tun-
nel bias signals from the DAQs, as well as the fixed AC
signal from the lock-in. The amplifiers isolate the cir-
cuit from the grounds of these instruments. Selectable
attenuator (A1) can be used to lower the effects of noise
of the STP DAQ output, at the expense of reducing the
dynamic range of the STP feedback. The relatively high
0.8 µV/
√
Hz output noise of the AD633 multiplier mod-
ulating the STP signal is reduced by the attenuator A2.
Manual offset generated from the reference AC signal
with a single Clarostat 73JA pot used as a voltage di-
vider.
Since all resistors in the non-floating part of the circuit
are used in a voltage divider configuration, this configu-
ration cancels any temperature dependence as long as the
temperature coefficients are the same. Simple metal film
resistors are sufficient. Followers (B1 and B2) are used as
buffers between the dividers and instrumentation ampli-
fiers to prevent the loading of the dividers by the input
resistors of the instrumentation amplifiers (which would
eliminate resistor temperature coefficient matching and
lead to high thermal drifts).
IV. COMPONENT PERFORMANCE
A. STM
Performance of any scanning tunneling microscopy sys-
tem can in general be characterized by the vibration noise
of the tip-sample separation. Although, as described
above, scanning potentiometry is generally immune to
tunnel resistance variations caused by vibrations, the
same is not true for basic STM imaging. Additionally,
as will be discussed later, some STP applications do re-
quire good vibration performance as well. For the system
being described here, an important issue is whether the
flow cryostat, with its expected vibrations, is suitable for
such a sensitive instrument.
The amplitude of the tunnel current noise, relative to
the current set point, can be used to extract the spectral
density of the vibrations. For this measurement, scan-
ning is disabled and STM PID gains are turned down.
The resulting low feedback bandwidth is then able only
to prevent tip crashes caused by slow processes (thermal
drift and piezo creep), but is not fast enough to respond
to any other sources of current noise. Figure 7 shows
the spectral density of the current noise obtained by pro-
cessing the STM current signal with an FFT spectrum
analyzer. Spectra are shown for room temperature in air
and for 4.2 K in vacuum. The current noise is seen to be
quite low compared to the 4 nA current set point. Equiv-
alent displacement noise, determined from the separately
measured dI/dz characteristic of the junction, is shown
on the right Y-axis.
As seen in the figure, tip-sample displacement noise
is on the milliangstrom/
√
Hz level or lower. In ambi-
ent conditions, the spectral density shows 1/f-like be-
havior with some 60Hz harmonics peaks. At 4.2 K,
the 1/f envelope drops significantly, revealing lower-level
60Hz harmonics. New, broad peaks of larger magnitude
than room-temperature levels also appear near 1500 and
2500Hz. We interpret the 1/f noise as thermally acti-
vated motion of impurity atoms on the sample or the tip.
At 4.2 K this motion is frozen out, significantly lowering
this source of noise. The 1500/2500Hz peaks are the me-
chanical resonances of the STM head itself, driven either
by the helium flow or by external vibrations transmitted
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FIG. 7: STM current and associated displacement noise for
4 nA setpoint, 400 mV tunnel bias. Current noise converted
to approximate displacement noise by using I=I0e
−0.34z
(I0=4 nA, z in A˚), obtained from separate dI/dz measure-
ment performed at room temperature.
along the long transfer tube connected to the cryostat.
However, as will be shown below, such small external
vibrations do not affect imaging performance of the mi-
croscope. Additionally, due to their high frequency, these
vibrations can be eliminated with the most rudimentary
spring-based isolation system if that were to become nec-
essary for a more vibration sensitive applications, such as
scanning tunneling spectroscopy.
B. Tip-sample capacitance
To correctly probe the electrochemical potential under
the tip under AC bias conditions, the tunneling resistance
must be the dominant conduction path between the tip
and the sample. With the STM just out of the tunneling
range, the tip-sample transfer characteristic is consistent
with a pure 0.08 pF capacitance, combined with the mul-
tipole roll-off of the current amplifier above 500 Hz. At
our measurement frequency of 237 Hz, below the roll off,
the capacitive reactance of 1010 Ω is shorted out even
by the highest tunnel resistances used (100 MΩ), with
much stronger rejection due to the 90◦ phase shift of the
capacitive signal.
Moving the tip from just outside the tunnel range (a
few angstrom away) to a distance of 700 nm causes a drop
in the capacitive coupling of less than 1%. This indicates
that only a small part of the measured capacitance comes
from the immediate vicinity of the tip-sample junction.
The low spatial sensitivity of the already small capac-
itive signal, combined with sub-Angstrom vibrations of
the tip, eliminates any possibility of vibration induced
capacitive noise, which would actually be back in phase
with the voltages on the sample. Therefore, the STP
system cannot inadvertently function as a Kelvin probe
driven by tip vibration or as any other probe of electro-
static potentials.
C. Digital PID control
Closed loop characteristics of the STP electronics were
tested to verify the functionality of the demodulated feed-
back scheme. The STM head and the sample were re-
placed by resistors – a large carbon resistor to simulate
the tunnel junction, and smaller resistors for the “sam-
ple”. In these measurements, only the integral compo-
nent of the PID was used for simplicity; however, full
functionality should be used later to improve overall loop
convergence time. The step-function response of the STP
PID loop, measured by changing the setpoint (repre-
sented by dashed lines) of the feedback loop, shows (Fig-
ure 8) convergent behavior, with observed time constants
consistent with calculated values. Stability was achieved
by maintaining a single dominant pole in the loop - keep-
ing the lock-in time constant much shorter than that of
the integrator; the time constant difference can be seen
in signal-to-noise difference between the lock-in and STP
traces. One peculiarity of the STP loop involving an ac-
tual tunnel junction is the increase of process variable
noise with process variable error (i.e. when there is a
finite voltage across the junction). It is possible that, for
such a system, loop convergence time can be improved
by control schemes more sophisticated than an integrator
or full PID.
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FIG. 8: Step function response of the STP feedback loop,
measured with junction and sample replaced by resistors.
Feedback system is convergent, with observed time constant
equal to calculated value (1 sec). Dashed lines represent set-
points of the feedback loop.
V. INITIAL MEASUREMENTS
A. Basic functionality
A thin, 20 A˚ gold film, deposited on top of a 10 A˚ Ni
wetting layer, was used to demonstrate a complete STP
measurement, the results of which are shown in Figure 9.
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FIG. 9: Demonstration of the functionality of STP. a) Successive topographic traces of a single scan line on the sample as a
function of time (top to bottom) for various values of junction resistance. The value of the junction resistance is shown in the
central column between a) and b). b) Corresponding potentiometric scanlines to the topographic ones in a). The data show
reduction of potentiometry noise with decreasing junction resistance with no degradation to the quality of the topographic
image. c) Measured and predicted STP noise vs. junction resistance. The data show that the fundamental noise limit is
reached as the junction resistance is decreased. d) STP scans for various bias currents. Note that the observed expected
scaling demonstrates that the observed signals are indeed the electrochemical potential. This and all following figures, with
the exception of Figure 14, show data taken at room temperature.
Biasing the sample with a 25 mA rms current sets up
a 1.4 V rms voltage measured across the 5 mm sample
and its wiring, with about 2/3 of resulting voltage drop
occurring at the wirebonded contacts (estimated to be
15-20 Ω/contact from separate measurements). The long
length scale average electric field is therefore on the order
of 1 V/cm. The observed gradient, shown in Figure 9d,
is 0.7 V/cm, consistent with the known applied field; this
agreemement, as well as the scaling of the measured gra-
dient with the applied current (also shown in the figure),
confirm that the system is in fact measuring a transport-
related electrochemical potential.
To verify that the STP measurement reaches the fun-
damental Johnson noise limit, several tunnel junction re-
sistance values were used while keeping the STP loop
time constant at 2 sec (corresponding to 1/8 Hz equiv-
alent noise bandwidth [ENBW]). Figures 9 a,b show to-
pographic and potential “images” taken by scanning the
same scanline repeatedly, although the start of tempera-
ture control at the top of the image causes spatial drifts
to settle only toward the end. Drifts are addressed in Sec-
tion V D. Here and later in the paper we obtain the STP
voltage noise by calculating an rms average of pixel-to-
pixel differences of all pairs of successive scanlines rather
than by keeping the tip stationary, in order to verify the
simultaneous imaging capability.
As can be seen from Figure 9c, the drop in the STP
noise as the tunnel resistance is lowered is reasonably well
described by a simple model of the thermal noise (EJ) of
the junction resistance combined with the 24 fA/
√
Hz
current amplifier noise (EA), with the total predicted
9noise (EJ−A) given by
EJ−A =
√
E2J + E
2
A,
EJ =
√
4kb × 300K ×Rt × (ENBW ),
EA = (24fA/
√
Hz)×Rt ×
√
ENBW.
Referenced back to the sample, the amplifier noise is mul-
tiplied by the tunnel resistance. Therefore, at lower junc-
tion resistances, the measurement is limited by the junc-
tion Johnson noise. At cryogenic temperatures, however,
with the junction thermal noise reduced, the amplifier
noise can become the noise-limiting parameter of the sys-
tem, as will be described in Section V G.
The 130 nV/
√
Hz noise measured for a tip-sample re-
sistance of 6 MΩ is the lowest published to date. As
far as topography is concerned, no image degradation is
seen to occur as the junction resistance is lowered by two
orders of magnitude, although other materials will have
different minimum junction resistance thresholds for ac-
ceptable STM operation.
As alluded to above, the only system that reached
Johnson-noise-limited STP performance10 (also by using
AC techniques), did not involve using active feedback to
continuously null the tip-sample voltage. At such low
noise levels, however, the effect of finite voltages that de-
velop at larger scan sizes become important. Figure 10
illustrates this problem and its solution by comparing
potential line scans taken on a thin gold film using STP
feedback with scans for which the feedback loop was kept
open after a single zeroing of the current. Potentiometry
data taken with no feedback, obtained from the lock-in
output by using the nominal tunnel resistance setpoint
and current amplifier gain, show the correct gradient,
with noise increasing rapidly as the tip-sample voltage in-
creases beyond 10 µV at larger distances from the initial
zeroing point. The extra noise is caused by tip vibrations
and would be a limiting factor on a useful scan range
even for homogeneous transport studies. It would also
hamper any applications on materials dominated by in-
homogeneities, where local fields can be much higher and
potentials change rapidly. While improving the vibration
performance of the STM can reduce noise sufficiently for
some specific measurements, STP feedback resolves the
problem completely, making it the ideal solution for a
versatile instrument.
B. Finite DC bias
Although keeping the tip-sample voltage at zero is in-
strumental for achieving Johnnson noise-limited perfor-
mance, for some non-linear systems maintaining a finite
DC bias during the STP measurement is required. One
example is the study of superconductors, where biasing
above the superconducting gap may be needed to keep
the tunnel junction resistance reasonably low. Measure-
ments performed to test STP performance under such
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FIG. 10: The importance of potentiometric feedback: with-
out continuous zeroing, noise increases linearly as tip-sample
voltage increases at large distances from initial zeroing point.
conditions show that STP noise increases linearly with
tip-sample DC bias once the Johnson noise floor imposed
by tunnel junction is exceeded. The slope of the rise of
STP noise density is 500 nV/
√
Hz per 1 millivolt of DC
bias (in the case of DC biasing the additional noise is
smaller than for a corresponding AC tip-sample voltage,
since only vibrations at the measurement frequency can
contribute to the noise). Therefore, microvolt noise lev-
els are still possible with our system at DC voltages of
several millivolts, above the gap for conventional super-
conductors. However, to maintain such performance at
higher bias voltages, or to achieve lower noise at mil-
livolt bias levels with smaller junction resistances or at
lower temperatures, additional vibration isolation will be
required.
C. Effect of contact resistance
Since the STP system described here can measure lo-
cal potentials much smaller fractionally than the bias
applied across the sample, it is susceptible in principle
to even small variations in the lead contact resistances,
necessitating the implementation of the four-point mea-
surement scheme described above. The effect of contact
resistance variations was tested on a SrRuO3 sample with
a 200 Ω resistance simply by putting 300 Ω potentiome-
ters in series with the three sample leads: the two current
contacts and the single voltage lead. The values for the
pots, located at the outputs of the STP electronics box,
were picked to model the extreme case of contact resis-
tance ranging from zero to above full sample resistance.
A full resistance swing of the voltage contact resulted in
a 40 µV change in the voltage under the tip, a small frac-
tion of the 150 mV gradient across the sample. Changing
the current leads’ contact resistance was found to have
10
no effect. In practice, the biasing scheme implemented
to deal with any contact problems avoids the need for
depositing dedicated gold contact pads on the samples,
with wirebonded contacts sufficient for measurements on
different types of films.
D. Long-term stability
Ti
m
e 
(ho
urs
)
 
 
24
0
0 2800Å
Å
0
10
0 2800Å
57
0
ST
P 
(µV
)
FIG. 11: Temperature drifts of complete STP system. Left:
topography obtained by a 24 hour 2800x0 A˚ STP scan; 5 mK
thermal drifts are responsible for lateral drifts of 5-10 A˚/hour.
Right: All 128 STP scanlines from the scan; potential drifts
do not exceed 8 µV over 24 hours.
Due to the time consuming nature (and complexity) of
the STP measurement, the system is particularly vulner-
able to temperature drifts. These include spatial drifts of
the STM head, electrical drifts in the STP biasing elec-
tronics and variations in potentials due to temperature-
dependent properties of the sample itself. These drifts
are addressed by a combination of temperature control
of the STM and the sample, thermally stable design of
the microscope head and STP electronics, and orienta-
tion of the fast scan axis along the expected maximum
field direction.
Figure 11 shows data from a 2800×0 A˚ (same line
scanned repeatedly) STP scan taken on a thin gold film
with a 2 V/cm applied gradient, taken over 24 hours at
room temperature in air. Due to convection, thermal sta-
bility is more difficult to achieve under these conditions,
but the system is typically pumped out only for lower
temperature operation, to avoid the possibility of high
voltage arcing of the piezo wiring at intermediate pres-
sures. With ambient temperature varying by about 1◦C
peak-to-peak and the radiation shield stage controlled to
within 50 mK, the microscope (and the sample) tempera-
tures can be kept constant to within 5 mK. This leads to
thermal spatial (lateral) drifts of 5-10 A˚/hour, as deter-
mined from the shifts in the topographical image, which
would show perfectly vertical features in the absence of
any drifts. The drifts are caused by the remaining 5 mK
temperature variations and presumably will drop signif-
icantly at 4.2 K, although we did not test this directly.
A look at all 128 STP linescans shows the total po-
tential drift is 8 µV over 24 hours, which may be caused
by actual voltage drifts in the electronics, as well as the
lateral tip drift along the gradient direction. The scale
of the possible voltage drifts is not surprising, since zero-
ing the potential under the tip involves subtracting the
1 V level gradient signal from the 1 V level manual off-
set. Therefore, the ppm/◦C magnitude temperature co-
efficients of components used in the biasing circuits can
be expected to lead to drifts of several microvolts in the
presence of the observed 1◦C ambient temperature varia-
tion. Any further improvement in the long-term stability
of the measurement would require temperature control of
the STP electronics box itself.
E. Effect of piezo creep at large scan sizes
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FIG. 12: Effect of piezo creep at large scan sizes. STP without
and with point-by-point overscanning. Black pixels represent
STP points rejected by the data acquisition algorithm due
to piezo creep, which can be greatly reduced by the use of
overscan, as can be seen by comparing a) and b).
As demonstrated in Section V A, the continuous ze-
roing of the tip-sample voltage by the potentiometric
feedback allows scan range-independent low-noise STP
performance. However, increasing scan sizes eventually
leads to another problem, the resolution of which, while
not critical, is desirable in a practical instrument. Fig-
ure 12 (left) shows a 1.35 µm square potentiometry scans
acquired on a SrRuO3 film with data acquired left to right
on each scan line. The number of rejected points grows
with increased scan sizes, and this problem has been ob-
served for all types of samples studied. As described in
Section III B, such rejection occurs if the STP feedback
loop fails to converge or a stable tunnel junction cannot
be obtained. In the case discussed here, the rejection is
due to the latter reason, with stable junctions being more
difficult to achieve at large scan size due to piezo creep
- the continued, uncommanded motion of a piezo after a
commanded step.
The resulting junction drift can be eliminated by longer
delays after stepping, but the logarithmic time depen-
dence of piezo creep makes this a painful approach. Using
the fact that this hysteretic piezo effect is much weaker
after the scanner motion is reversed (left side of the im-
ages), the problem can be addressed by introducing a
11
turn-around into every step by overscanning – moving
the tip a distance that is longer than the needed step by a
fixed numerical factor (overscan factor) , and then bring-
ing it back to the desired position. The smaller number
of skipped STP points in Figure 12 (right) , which shows
STP data taken with an overscan factor of 7, but with
the same STP acceptance criteria and measurement tim-
ing as before, confirms overscanning to be an efficient
solution to the creep problem.
F. Resolution for homogeneous transport
The spatial resolution of an STP is not the same as
the spatial resolution of the STM used. Rather, the res-
olution is given by how far the tip must be moved in a
given electric field (E=ρJ in the continuum limit) to ac-
quire a potential change larger than the noise. Thus the
resolution depends on both the sample resistivity (ρ), the
current density (J), which is typically limited by sample
heating, and by the noise of the STP itself. Mathemat-
ically, this can be written as ∆x=Vn/(ρJ), where Vn is
the voltage noise of the measurement. To illustrate, we
quantify the spatial resolution that can be reached with
our STP in the case of thin films of SrRuO3 and Au.
The sample resistivities were 220 µΩ-cm and 2.5 µΩ-cm
respectively, and average current densities of 104 A/cm2
and 2.5×105 A/cm2 were used. SrRuO3 data were ob-
tained at junction resistance of 25 MΩ and measurement
time constant of 1 sec; for the gold film these parameters
were 6 MΩ and 2 sec.
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FIG. 13: Pairs of consecutive STP and topography linescans
demonstrating effective spatial resolution on two represen-
tative materials: a) 30A˚-thick Au (3800×0 A˚ scan) and b)
558A˚-thick SrRuO3 (3800×3800 A˚ scan). The data demon-
strate spatial resolution of the potential down to 18 and 24 A˚,
respectively. In b), differences of topography scanlines are
greater than 24 A˚ due to the finite scan size in the y-direction
(no effect on potential since gradient is along the x-direction).
Figure 13 shows consecutive topography and poten-
tiometry linescans obtained on these samples at room
temperature. Resolution can be extracted by compar-
ing measured voltage noise to the voltage gradient mea-
sured over a known distance. The voltage noise for the
SrRuO3 and gold measurements is 500 nV/
√
Hz and
130 nV/
√
Hz, respectively, yielding 24 A˚ and 18 A˚ for
resolution. The data demonstrate the ability of STP to
resolve local voltages at nanometer length scales in these
cases. Note that other scanning potentiometric meth-
ods, such as electrostatic force microscopy (EFM)18 and
conductive tip contact AFM-based potentiometry, may
be capable of achieving good voltage sensitivity, but the
effective large size of the probes used (long-range capaci-
tive interaction for EFM or the poorly defined tip-sample
contact region for contact techniques) limits their spatial
resolution of potential. In contrast, for STP, the very
local nature of the tunneling probe, with its effectively
infinite spatial resolution, allows the resolution inferred
from voltage sensitivity to determine the effective spatial
resolution of the technique.
G. Cryogenic operation
All of the potentiometry measurements discussed in
this work so far have been conducted at room temper-
ature, albeit with careful temperature control. Happily,
we have found that extending STP to lower temperatures
does not introduce any new issues. As mentioned earlier,
the system is pumped out into the 10−5 Torr range in
preparation for a cooldown. Once cryogenic tempera-
tures have been established, the pressure drops into the
10−7 Torr range, assisted partly by charcoal in the cham-
ber. Cooling from room temperature to 4.2 K requires
as little as 15 minutes. The flow rate needed to main-
tain this base temperature is about 4 liters of LHe per
hour, allowing only 24 hours of uninterrupted measure-
ment time for a 100 LHe storage dewar. For operation
at 100 K, the helium consumption rate drops by a factor
of five.
Down to the lowest temperatures, coarse motion was
consistent in both the up and down directions, using ap-
proach waveforms as low as ±75V. Using the capacitance
between the tip and the sample as a measure of their sep-
aration allows the tip to be efficiently and rapidly moved
to within a few dozen coarse steps from the sample prior
to starting a fine approach. The total time from be-
ginning a helium transfer with the sample withdrawn to
imaging at 4.2 K can be as short as one hour.
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FIG. 14: Low temperature operation of STP. a) Imaging of
SrRuO3 at 4.2K. b) Consecutive topography and STP scan-
lines (from a different scan), demonstrating 65 A˚ spatial res-
olution of potential.
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STP measurements performed at 4.2 K on a SrRuO3
film, shown in Figure 14, show spatially homogeneous
transport within the resolution of the instrument. To-
pography noise remains sub-angstrom, even in the pres-
ence of LHe flow and with no vibration isolation. As
expected, with the tunnel junction at low temperature,
the STP noise is dominated by the noise of the current
amplifier. More specifically, for a 10 MΩ junction and a
1/4 Hz ENBW, the observed 180 nV rms noise is con-
sistent with the 120 nV noise expected to be caused by
the amplifier, as described in Section V A. With the mea-
sured gradient of 23 µV over 9100 A˚, the observed STP
noise corresponds to local potential being spatially re-
solved to 65 A˚.
The small, 30 Ω resistance of the sample prevented
larger voltage gradients from being used for this mea-
surement due to the limited compliance of the current
source providing the gradient, but thinner or more resis-
tive films should permit significantly higher local fields
to be applied using existing electronics. The current
source output driver can also be replaced by a higher
current version in the future. Since the current ampli-
fier noise scales linearly with the tunnel junction resis-
tance (when referenced back to the sample) and current
amplifiers with better noise characteristics are commer-
cially available (for example, Keithley 428), STP mea-
surements with spatial resolution of potentials approach-
ing the atomic scale should be possible.
VI. ROUGH SAMPLES AND TIP JUMPING
All results discussed so far were obtained on smooth,
uniform films and show voltage gradients that are consis-
tent with known applied fields over long length scales. At
most, small undulating features, the origin of which is not
yet clear, can be discerned. Of course, not all materials
of interest will be so smooth or uniform. As noted in the
introduction, roughness can lead to artifacts associated
with the finite size of the STM tips, and it is important
to be able to distinguish between non-uniform potential
maps due to such artifacts and those due to inhomoge-
neous transport properties. Indeed, our early measure-
ments, taken on rougher surfaces presented a completely
different picture than that seen on the smoother films.
Figure 15 shows typical topography and potentiometry
obtained on a granular gold film biased to produce an
average electric field of 1.6 V/cm. The data are qualita-
tively similar to most of the already referenced earlier re-
sults obtained using STP, with a notable exception of the
work by Briner, et al3, in which great care was taken in
preparing extremely smooth films. As seen in the figure,
measured local electric fields can be orders of magnitude
higher than the applied field and are strongly correlated
with topography. In addition, equipotential “islands” are
evident, seemingly violating current conservation for a
thin film (i.e., two-dimensional) sample.
Although the very high local gradients imply spatial
potential resolution essentially down to atomic scales, the
data are impossible to interpret reliably, in the absence
of any obvious relation to the known applied field. Less
extreme behavior, in which the average gradient is evi-
dent but the abrupt features in potentiometry are still
present, has also been observed. In all cases, the sharp
steps in potentiometry scale with the applied gradient,
indicating that they are related to the electrochemical
potential created by the applied electric field.
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FIG. 15: Representative result on a rough surface: a) to-
pography and b) potentiometry on a granular gold film with
average applied gradient of 1.6 V/cm. Measured fields are up
to 1000 V/cm with no clear relation to known gradient. The
measurements are not reliable due to likely artifacts related
to a finite size tip scanning a rough surface.
It has previously been suggested5,11 that the discon-
tinuous behavior illustrated in data such as these may
be artifacts caused by imaging with a finite size tip on a
rough surface. The basic idea is that the exact location
on the tip where tunneling occurs shifts from one point to
another as the tip is scanned. Although this shift can be
abrupt or gradual, we shall refer to all such effects as tip
jumping, as they had been called historically. Although
tip jumping is a general problem, affecting topographical
imaging of any scanning probe, such artifacts can pro-
duce particularly dramatic features in STP. Obviously,
in the presence of an electric field, a jump of the point
of tunneling on the tip would lead to an abrupt change
in the observed potential. Alternatively, in the event of
sharp asperities on the surface effectively imaging a blunt
tip, potentiometry images will show artificial potential
plateaus.
Despite the cogent warning by early investigators, sub-
sequent studies failed to address systematically this pos-
sibility in the interpretation of their results, making
definitive conclusions difficult. This historical situation
remains confused and unresolved to this day.
Since the effects of the finite size of STM tips are dif-
ficult to identify on a general rough surface and are of-
ten similar to the anticipated transport phenomena, we
have examined the behavior of a model system (a very
smooth film with intentional troughs) in order to clar-
ify the nature and role of tip jumping artifacts in STP.
Figure 16 shows topography/potentiometry data taken
on a 86 A˚-thick SrRuO3 film using a commercial STM
tip19. The distinctly shaped topographic features easily
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enable identification of tip doubling, and the atomically
flat plateaus in between the trenches allow the demon-
stration of both the correct functionality of STP and of
the creation of STP artifacts by the interplay of the tip
and surface geometry. It should be noted that some of
our STP measurements on this material exhibit voltage
noise above the tunnel junction noise level, which we at-
tribute to resistance fluctuations in the material. This
extra noise, which can be observed in a standard four-
probe resistance measurement as well, does not affect the
discussion of tip-jumping artifacts.
It is clear from the topographical image that the
trenches produce tip-jumping-related image doubling
(see the yellow and black dashed lines on the figure).
Clearly, as the tip was scanned over a trench, different
protrusions on the tip contact the sample, resulting in
features being doubled. The lateral separation of the
double image, and concomitantly of the protrusions re-
sponsible for tip-doubling, is 400 A˚ in this case. Note,
however, that the height difference is only about 15 A˚.
Despite such a “flat” tip aspect ratio, the imaging re-
mains good, since the tip jumping is being caused by tip
geometry as opposed to some dynamic events. Therefore,
image quality cannot be used to dismiss the possibility
of multiple/flat tips, as previously suggested9. Also, a
close look at the image reveals the fact that the bottom
of the trenches is never actually imaged, with no infor-
mation obtained about the topography/potential of such
regions. True imaging is obtained only when the lowest
point of the tip is involved in the tunneling, and can be
discerned on materials with very distinct topographical
features.
The tip-related effects responsible for the artifacts vis-
ible in the topographic image have a dramatic impact on
the STP data. The deep trenches seen in Figure 16 dom-
inate the sheet resistance of the sample, with most of the
voltage drop occurring across the trenches and no mea-
surable voltage gradients evident on the plateaus at the
indicated level of voltage sensitivity. Some trenches do
not have an associated voltage drop, presumably since
there is no current flowing across them as a result of
some torturous current path. However, while the ob-
served voltage drops across the trenches are real, many
of the exact details are artifacts caused by the finite tip
size and serve to illustrate this effect.
At the bottom of Figure 16 we illustrate schematically
a possible scenario for how the observed topographic and
potentiometric images could arise due to tip jumping.
Initially (frame 1), with the lowest protrusion of the tip
above a plateau, the presumed and actual tunneling lo-
cations overlap, yielding correct STP and Z data. As the
scan continues past the trench edge, different protrusions
reach the surface sequentially, causing actual tunneling
locations to jump laterally. This leads to a number of ar-
tifacts for both topography and potentiometry, ranging
from instantaneous voltage steps to creating the voltage
islands. Some of the artifacts lead to image doubling,
and are obvious in topographic images; others cannot be
detected as easily. Notably, the area of the sample to
which the tip location switches to create the low volt-
age island is not identifiable from topography, either be-
cause the tip ends up on a featureless region of one of
the plateaus or outside of the presumed image region al-
together; thus tip-jumping artifacts can occur without
being identifiable in the topographic image. Eventually
(frame 4), the “true” tip again becomes the actual tun-
neling location, again yielding correct data. Essentially,
the data obtained on the plateaus is always valid, while
information obtained inside the trench may not be. We
believe that the observations presented here confirm the
existence of tip-related artifacts, which are the likely ex-
planation for many earlier results obtained by scanning
potentiometry on the rougher samples. The large lateral
extent of the tips can cause not just the artificial sharp-
ening of potential steps but also create a completely false
measured landscape of local potential.
Although, as we have shown here, artifacts of the type
described by Pelz and Koch are possible in STP, they
are by no means fatal. Preferably, scanning potentiome-
try, like many other scanning techniques, should be per-
formed on flat samples, for studies of properties not re-
lated to surface morphology. But even if large topo-
graphic features are unavoidable, many of the phenom-
ena that can be studied will be switchable or tunable,
for example by an applied field or temperature changes,
enabling their separation from topographic artifacts.
Finally, as in the extreme case of studying the effects of
surface microstructure on the transport, the tip-related
artifact problem can still be managed to produce mean-
ingful results. As we have demonstrated, with good topo-
graphic imaging and distinct surface features (as opposed
to “rolling hills” morphology on many granular materi-
als), it is possible to distinguish the regions in which to-
pographic and voltage data can be trusted from those
which are susceptible to artifacts. For the SrRuO3 films
discussed here, data from plateaus is always valid and can
provide information on how the trenches are affecting the
transport.
Figure 17 shows topography and potentiometry on two
SrRuO3 films of different thicknesses, 86 A˚ and 300 A˚.
The sheet resistance (from four-probe resistance mea-
surements) of the thinner sample is twenty times higher
than that of the thicker one, which is not surprising since
the resistance of the thinner sample is more affected by
the deep trenches. This is confirmed by STP, which
shows all voltage drops occurring across the trenches for
the 86 A˚ film, whereas for the 300 A˚ sample the resis-
tance is shared evenly with the flat regions. It can also
be seen that there is no obvious correspondence between
the trench depth, as measured by the STM and trench
resistance, as measured by STP. This is due to the fact
that, as discussed above, tip geometry prevents correct
imaging of the trenches, leading to erroneous depth infor-
mation as the trench effectively images the tip. However,
the partial but valid information obtained by potentiom-
etry on the flat regions, reveals actual trench depth more
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FIG. 16: Demonstration of the effects of tip jumping. a) Topography and b) potentiometry on an 86 A˚-thick SrRuO3 film in
which deep trenches were intentionally introduced during growth. c) Likely scenario responsible for tip artifacts, as rectangular
region is scanned left to right. Yellow and black dashed lines show obvious double image due to tip jumping in the topographic
scan. There is no immediately obvious correspondence with the potentiometric scan. Panel c) shows how the potentiometry
scan can be understood in terms of tip jumping. Solid colored arrows correspond to presumed tunnel location, indicated on
images. Dashed colored arrows represent actual tunnel position, if different from presumed location.
accurately. Thus, STP can sometimes be used to ob-
tain topographic information that one cannot get with a
scanned topographic probe alone.
VII. POSSIBLE IMPROVEMENTS
With the measurement pushed to the fundamental
noise floor, few performance improvements are possible
beyond those already mentioned above. Therefore, most
meaningful enhancements would be those that expand
the versatility of the instrument. With tip-related arti-
facts placing some constraints on the types of surfaces
that can be easily studied with STP, a reliable technique
for obtaining high aspect ratio tips would be most wel-
come. Mounting metallic carbon nanotubes on the tip, as
originally proposed by Dai, et al20, would greatly reduce
or eliminate tip-jumping artifacts on any surface.
A promising application of STP would be the study
of local transport in artificial nanostructures, with obvi-
ous basic and applied science uses. Since an STM needs
a conducting surface to operate, the ability to produce
interesting devices to study with the current instrument
is limited. Functionality can be expanded by combining
AFM and STM capability, as discussed, for example, in
the work by Giessibl21, in which an STM tip is mounted
on a quartz tuning fork. The microscope can then be
used in a non-contact AFM mode over insulating areas
and switched to the STP mode once the conducting re-
gion is located.
A final addition would be the incorporation of stan-
dard scanning spectroscopy capability to the system, to
add LDOS information to topography and potentiom-
etry. Since all the hardware for this task is already
in place, only some extra software would be needed;
however, due to the increased vibrational requirements
of STS, more sophisticated vibration isolation solutions
may be required.
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FIG. 17: Transport across deep trenches in 88 A˚- (top) and 300A˚-thick (bottom) SrRuO3 films. Left: topography, center:
STP, right: topography and potentiometry linescans (location indicated by the green lines on images). STP clearly shows the
greater impact of trenches on transport in thinner films.
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